A first-principles total-energy calculation is performed on gallium nitride (GaN). The equilibrium lattice parameters, the bulk modulus, and the cohesive energy of GaN in the wurtzite structure is calculated and compared with experimental values. In our calculation, the ground state of GaN is a zinc-blende structure, and the difference between these two phases is around 1.4 mRy.
I. INTRODUCTION Gallium nitride (GaN) is a tetrahedrally coordinated III-V compound semiconductor which has the hexagonal wurtzite structure with a wide band gap of 3.5 eV at 300 K. It is reported that a simple-metal-insulator-n-typeGaN diode produces blue electroluminescence. ' For this reason it has been studied as a material suitable for an effective optoelectronic device such as laser and light emitting diode, but the technical difficulties are yet to be surmounted.
The major difficulty has been that the concentration of free electrons is too large (10' -10 cm ) for the fabrication of a p-type crystal to be successful. It is believed that nitrogen vacancies are the source of free electrons rather than some unknown donor impurities.
The growth of a GaN crystal has had other difficulties, too.
The GaN substrate on sapphire has different lattice constants and luminescence characteristics depending on the direction of growth.
Also there is a report about an unusually large variation of the lattice constants depending on the growth conditions, such as growth rate, lattice defects, and foreign impurities. ' Thus it is of importance to understand the energetics of 
II. METHOD OF CALCULATION
The calculations are performed using the densityfunctional method within the local-density approximation. Norm-conserving pseudopotentials are used both for Ga and N. The pseudopotentials were generated according to the Hamann, Schliiter, and Chiang scheme. "
One of the advantages of this scheme is that the pseudopotential is determined entirely from ab initio atomic calcu1ations, and hence no empirical parameters are needed. In this scheme, the pseudo-wave-functions are constructed such that they coincide with the all-electron atomic . t ' 'i+. ' The internal parameter u, the relative displacement of the N sublattice with respect to the Ga sublattice along the c direction, is determined at the above equilibrium volume and c/a ratio. By minimizing the total energy of the system, we have found that this sublattice displacement u is 0.375c and is again very close to the ideal value of 3c/8 (Fig. 2) . The frequency of the 2 &-TO(I )-phonon mode is calculated to be 640 cm ' from the second derivative of the curve in Fig. 2 . The frequency of this mode has been measured to be 533 cm ' by Raman spectroscopy. ' The energy versus volume calculation is then repeated with c/a=1.634. The equilibrium lattice constant, the cohesive energy, and the bulk modulus are obtained by fitting to the universal binding curve' E(a)=DE E*(a*), Ga-N unit (Fig. 3) .
The comparison of the lattice constants with the experimental values are summarized in Table II . As can be seen in Table II , experimental values are generally larger than our calculation. Furthermore, the dependence of lattice constants on the growth conditions suggest that it is very difficult experimentally to grow a good GaN crystal.
The electronic band structure of GaN in wurtzite structure is plotted in Fig. 4 is lower in energy than the wurtzite structure, but the energy between the two structures is so close that the effects of substrates and defects have to be considered to determine which crystal structure will be preferred under various crystal-growth conditions.
